Abstract: Stem cells play pivotal role in the development of tissues and organs, as well as they maintain homeostasis and integrity of multicellular organisms. Human dental pulp-derived stem cells are capable of differentiation into osteoblasts, odontoblasts, adipocytes and neuronal-like cells and can have potential use in tissue regeneration. The aim of this study was a detailed description of human dental pulp-derived stem cells (HDPSCs) cultivated in vitro ultrastructural morphology. HDPSCs were isolated from the dental pulp of impacted third molars from healthy donors. Transmission electron microscopic analysis showed typical ultrastructural morphology similar to mesenchymal stem cells from other organs. The morphology of HDPSCs cells reflects their proteosynthetic and metabolic activity. Each cell contained spherical or irregularly-shaped large pale nucleus with a large amount of euchromatine. Nuclei had noticeable nucleolus (or two nucleoli) located nearby the nuclear envelope. Abundant cisterns of rough endoplasmic reticulum and numerous coated matrix vesicles as well as granules of glycogen were present in their cytoplasm. Nearby the nucleus small, elongated mitochondria were placed. Most of HDPSCs created and secreted vesicles; in plasmalemma bounded amorphous electron-lucide granules and also few glycogen granules. These secretory vesicles had around 0.5 µm in diameter. We assume that it can be a special type of communication between cells, probably paracrine type of cell signalling, but its real function is still unknown.
Introduction
Stem cells are generally characterized as undifferentiated cells with unique self-renewal potency and plasticity. They play pivotal role in the development of tissues and organs, as well as they maintain homeostasis and integrity of multicellular organisms (Shanti et al. 2007) . Over the past few years, stem cells have been derived from various tissues of embryonic, foetal and adult origin (Thomson et al. 1998; Baksh et al. 2004; Kues et al. 2005) . Embryonic stem cells are considered pluripotent, but their utilization is restricted by the ethical consideration (Henon 2003) . For that reason, multipotent adult stem cells belong to interests for many research teams.
Stem cells are adherent and have a fibroblast-like morphology when cultured in vitro. These cells are heterogeneous and express a variety of surface markers including CD29, CD73, CD90, CD105, STRO-1 and Sca-1. They are negative for markers CD14, CD34, CD45 and for HLA Class II (Barry & Murphy 2004; Kassem et al. 2004; Gromošová et al. 2009 ). Gronthos et al. (2000) were first who described the isolation and cultivation of human stem cells obtained from the dental pulp. These cells were assigned as postnatal human dental pulp-derived stem cells (HDPSCs). Their experiments proved high proliferative activity and self-renewal potency of HDPSCs as well as their ability of multi-lineage differentiation. Human dental pulp-derived stem cells are capable of differentiation into osteoblasts, odontoblasts, adipocytes and neuronal-like cells and can have a potential use in tissue regeneration (d 'Aquino et al. 2007; Kadar et al. 2009; Suchanek et al. 2009; Muthna et al. 2010) . For example, Zheng et al. (2009) used stem cells from deciduous tooth to regeneration of bone in mandibular defects in animal model. The aim of this study was detailed description of ultrastructural morphology of in vitro cultivated human dental pulp-derived stem cells.
Material and methods

Sample procurement
HDPSCs were isolated from the dental pulp of impacted third molars from healthy donors. The average age of donors was 27 years (9 females and 6 males). Teeth extraction procedure was indicated due to an orthodontic therapy and was performed by a dentist under aseptic conditions according to the Helsinki declaration after the donor's informed consent. Samples of tissue were immediately transported to the laboratory of cell culture in 4
• C cold sterile physiologic saline with gentamicin (Lék, Slovenia) in final concentration of 160 µg ml −1 .
Isolation and cell culture Impacted teeth were carefully rinsed with sterile phosphate buffered saline (PBS, Oxoid, GB). After that, teeth were cut around the cementum enamel junction by Luer's forceps. Dental pulp was separated by excavator. Obtained tissue was treated by 0.1% collagenase type I (PAA, Austria) for 60 minutes at 37
• C. Cell suspension was resuspended in complete culture medium consist of alpha-MEM (PAA, Austria), 10% fetal bovine serum (PAA, Austria) gentamicin in final concentration of 160 µg ml −1 and centrifuged at 1200 rpm for 6 minutes. Obtained sediment was resuspended in complete medium, plated in 100 mm Petri dishes (TPP, Switzerland) and cultured at 37
• C in a humidified atmosphere containing 5% CO2. After 48 hours, unattached cells were removed by changing the medium. During subsequent cultivation, the medium was refreshed three times a week. After ten days, when the culture became almost confluent, HDPSCs were detached by 0.25% trypsin (Gibco, USA) and sub-cultured up to third passage.
Morphological analysis
HDPSCs from third passage appointed for light microscopy observation were cultured on the sterile slides under the same conditions as mentioned above. Before analysis, they were gently washed with PBS, fixed with metanol (Centralchem, Slovakia) for ten minutes and stained with hematoxylin and eosin (Merck, Germany). Cells were then analyzed under light microscope Nikon (Nikon Corporation, Japan) with and without Nomarski interference contrast.
Samples for transmission electron microscopy (TEM) were fixed in 2.5% glutaraldehyde (Serva, Germany), pH 7.2, at 4
• C for four hours. After fixation, samples were rinsed in PBS and post-fixed in 2% osmium tetra oxide (Serva, Germany) for two hours, then washed in distilled water and dehydrated in a graduated series of ethanol (Centralchem, Slovakia). Subsequently, the samples were embedded in Durcupan (Serva, Germany) and cut into semi-thin sections. Ultra-thin sections were mounted on 200 mesh copper grids, then double stained using uranyl acetate and lead citrate (Serva, Germany) and examined using a transmission electron microscope Philips Morgagni 268D (Philips, The Netherland).
Results
After the initiation of the cell culture, some tissue fragments adhered and the migration of dental pulp-derived stem cells was observed after 72 hours. During the following five days, the cells reached confluence and were trypsinized to obtain monocellular suspension for further sub-cultivation. Purified HDPSC culture was obtained after second passage. Primary isolated dental pulp-derived stem cells had fibroblast-like (spindleshape) morphology (Fig. 1A) . During subsequent passages they maintained this morphology. Moreover, after passage, the cell growth accelerated until next confluence (Fig. 1B) .
HDPSCs were mainly round or oval in shape (Figs 2A-C) . The cells adhered to the substrate with many thin plasmalemma processes: microvilli and filopodia (Figs 2A-C) . The morphology of these stem cells reflects their proteosynthetic and metabolic activity. Each cell contained spherical or irregularly-shaped large pale nuclei (often eccentrically located) with a large amount of euchromatine (Figs 2A-C, 3A-D) . Nuclei had noticeable nucleolus (or two nucleoli) located nearby the nuclear envelope. We found also a centrioles nearby nucleus (Fig. 3D) . Abundant cisterns of rough endoplasmic reticulum and numerous coated matrix vesicles (or scattered, lysosome-like organelles) as well as granules of glycogen and lipid droplets were Round cell with pale, irregularly shaped nucleus rich in euchromatine (1) with one great nucleolus. The cell adhered to the substrate with microvilli and filopodia (2) (× 7100). B -Oval cell with large and pale nucleus (1) with nucleolus (2). The plasmalemma creates numerous microvilli and filopodia (3). In cytoplasm are dense aggregations of glycogen granules (4) (× 14000). C -Oval cell with large, pale nucleus (1). In the cell surface secretory vesicle (2) and filopodia (3) are visible (× 7100). Scales 2 µm. present in their cytoplasm ( Figs 3A, B, 3E ). Nearby the nucleus small, elongated mitochondria were placed (Fig. 3C) . The irregularly shaped nucleus, noticeable nucleolus, as well as granules of glycogen in the cytoplasm or the morphology of mitochondria showed ultrastructural morphology typical for mesenchymal stem cells derived from other types of tissues.
Most of HDPSCs created and secreted vesicles; in plasmalemma bounded amorphous electron-lucide granules and also few glycogen granules (Figs 4A-D) . These secretory vesicles had around 0.5 µm in diameter. We think that it can be a special type of communication between cells, probably paracrine type of cell signalling.
Discussion
Stem cells biology has become an important field for understanding of tissue regeneration and implementation of regenerative medicine. Gronthos et al. (2000) identified a population of human dental pulpderived stem cells that can develop into odontoblasts, the cells that form the mineralised matrix of dentin. Based on recent knowledge, dental stem cells display multi-differentiation potential, with the capacity to give rise to at least three distinct cell lineages: osteo/odontogenic, adipogenic, and neurogenic ). The neurogenic potential of HDPSCs is more potent than in mesenchymal stem cells derived from bone marrow. The possible mechanism of this potential is in the different origin of HDPSCs and bone marrow-derived stem cells. The mammalian dental pulp (including HDPSCs), as well as the most of dental tissues, periodontium and surrounding tissues that hold teeth in position are of neural crest origin (Miletich & Sharpe 2004) . Neural crest is a paired structure, and appears only in early embryonic developmental stages and exists for only short time. The neural crest forms the border between the neural plate (the future central nervous system) and the non-neural ectoderm (future epidermis of skin). Neural crest cells are multipotent cells that can differentiate into a wide variety of cell types including neurons and glial cells of peripheral and autonomic nervous system, melanocytes, myofibroblasts, chondrocytes, osteoblasts, etc. In addition, cranial neural crest cells have the unique capacity to produce mesenchymal cells capable of differentiating into connective tissue, dermis, tendons, and hard tissues such as cartilage, bone, and dentin, the main mineralized tissue of teeth (Ito & Sieber-Blum 1993; Graham 2003; Miletich & Sharpe 2004; Kang & Svoboda 2005; Varga et al. 2008) . A better understanding of the biology of these dental pulp-derived stem cell populations is a prerequisite to understanding the extent of their efficacy for regeneration medicine.
In the recent literature, we have found a relatively small number of electron microscopic studies about dental pulp. Most of them pointed to the blood and lymphatic vessels and nerves under normal conditions (Ueki et al. 1995; Lyroudia et al. 1995) , as well as in cases of acute inflamed dental pulp (Zhang et al. 2000) or in case of periodontitis (Deva et al. 2006) . In light microscopic level the cultured HDPSCs have spindle-shape morphology (described also by Suchanek et al. 2009 ), similar to fibroblasts from connective tis- Fig. 3 . A -TEM analysis of HDPSCs in higher magnification. Part of nucleus rich in euchromatine (1). The cytoplasm is rich in mitochondria (2) and rough endoplasmic reticulum (3). Nearby the nucleus are membrane-bounded secretory vesicles or scattered lysosomes (4) and lipid droplets (5) (× 18000). B -Nearby nucleus (1) with noticeable nucleolus is an area, with dilated cisterns of rough endoplasmic reticulum (2) and small mitochondria (3) (× 14000). C -Nearby nucleus (1) are elongated mitochondria with cristae (2) (× 14000). D -Detail of nucleus (1) and centrioles (2) (×18000). E -Detail of cytoplasm of HDPSCs with elongated mitochondria (1), aggregates of glycogen granules (2) and numerous coated matrix vesicles (3) (× 18000). Scales 1 µm.
sue. But they have different ultrastructural morphology (Repiská et al. 2010 ), e.g., fibroblasts have larger and more numerous nucleoli, better developed rough endoplasmic reticulum and longer and branched filopodia. The ultrastructural morphology of cultured HDPSCs is different from another type of cells, which are founded in dental pulp, as described by Manolea et al. (2008) . We found only two recent works about ultrastructural appearance of human dental pulp-derived stem cells (d 'Aquino et al. 2007; Karaöz et al. 2010) . These authors also reported pale, eccentric, irregularly shaped and large euchromatic nuclei with one or two nucleoli located near the perinuclear cisterns. Numerous thin filopodia and microvilli were also observed. d 'Aquino et al. (2007) and Karaöz et al. (2010) also described cytoplasm rich in rough endoplasmic reticu- Fig. 4 . A -TEM analysis of HDPSCs in higher magnification. Nucleus (1), small mitochondria (3) and a secretory vesicle on the cell surface (2) (× 18000). B -Detail view on periphery of HDPSC with secretory vesicle (1). In cytoplasm are elongated mitochondria (2) and coated matrix vesicles or lysosomes (3) (× 22000). C -Detail view on periphery of HDPSC with secretory vesicle (1). In cytoplasm are small mitochondria (2), coated matrix vesicles or lysosomes (3) and lipid droplets (4) (× 22000). D -Detail view on secretory vesicle with electron-lucide amorphous granules and electron-dense glycogen granules (× 28000). Scales 1 µm (A-C), 0.5 µm (D).
lum, scattered lysosome-like organelles and elongated mitochondria. But these authors did not describe typical secretory vesicles, which we found in our cultured HDPSCs. The function of these vesicles with electronlucide amorphous granules is still unknown.
In this report we describe the successful isolation, cultivation and ultrastructural characterization of HDPSCs from the pulp tissue of adult human third molar. Electron microscopy analysis showed morphology similar to mesenchymal stem cells derived from other tissues (for example described by Danišovič et al. 2008; You et al. 2009; Arnold et al. 2010) , but the origin and biological potential of HDPSCs is probably different.
